For many years, the study of toxic Dinophysis species was primarily restricted to field populations until it was recently demonstrated that some of these organisms can be mixotrophically cultured in the laboratory with the ciliate prey, Myrionecta rubra, which had previously been fed with cryptophytes of the genus Teleaulax and Geminigera. Here we investigated the influence of growth phase and light intensity on the production of diarrhetic shellfish poisoning (DSP) toxins and pectenotoxins (PTXs) in cultures of Dinophysis acuminata from the northeastern United States. The cell toxin content of okadaic acid (OA), dinophysistoxin-1 (DTX1), pectenotoxin-2 (PTX2), and the okadaic acid diol ester (OA-D8) varied significantly with growth phase under all light treatments, at 6 °C. Each toxin quota remained low during middle and late exponential phases, but significantly increased by mid-plateau phase. DTX1 and OA-D8 were variable through plateau phase, while OA and PTX2 significantly decreased as the culture aged. Although maximum toxin content was not achieved until middle plateau phase, the rate of toxin production was generally greatest during exponential growth. The low and relatively constant cellular toxin levels observed during exponential and early-plateau phase indicate a balance between toxin production and growth, whereas in the middle-plateau phase, toxin production continues even though the cells are no longer capable of dividing, leading to higher toxin quotas. Light was required for Dinophysis growth and the production of all toxins, however, there was no significant difference in growth rates or toxin quotas between the higher light treatments ranging from 65 to 300 μmol photons m −2 s −1
4
OA and an OA diol ester, OA-D8, as well as PTX2, PTX2 seco-acid (PTX2 sa), and a 1 hydroxylated PTX2 (with an identical mass spectrum to PTX11 but different retention 2 time) were detected in this D. acuminata culture. indicating that it is a cosmopolitan species (Reguera et al., 1993 , Nishihama et al., 18 norvegica was at 22m depth with a corresponding irradiance of 7µmol m -2 ·sec -1 .
19
While many field studies have focused on the ecology, behavior, toxin content,
20
and genetic diversity of Dinophysis populations, much remains unknown about this 21 genera; for many years, researchers were unable to successfully maintain laboratory examine toxin production in Dinophysis as well as to investigate many biochemical 7 and physiological questions that have eluded scientists for many years.
8
Here we examine the effect of light intensity on growth, as well as the effects of during exponential growth phase) as follows:
To account for the effect of cell growth rates on toxin production, the net toxin 
where C is the ln average of the cell concentration,
Toxin analysis

18
Toxin sampling points were chosen based on the cultures' growth phase (middle 19 and late-exponential phase and early, middle, and late-plateau phase) as shown in Fig.   20 1.
21
All cell extractions and subsequent analyses for OA, OA-D8, DTX1, and PTX2 1 were conducted at the MI. A detailed description of these methods is contained in and late-plateau phase) as opposed to the actual day of sampling as the length of the 19 growth phases varied depending upon the treatment (Fig. 1) OA-D8. Normality was achieved for the OA and DTX1 data using Log10 and cosine 4 transformations, respectively. OA-D8 data could not be normalized, and so, 5 non-parametric analysis was performed as described below.
6
The normalized data were analyzed using Mixed Model, Repeated Measures respectively (Fig. 2f ). In the three higher light treatments, the ciliate prey disappeared 6 on the 12 th day at 100% and 50% light, and on the 10 th day in the 25% light condition, can be ascribed to the prolonged availability of food prey at its preferred lower 18 incubation temperature.
19
Growth rates in the present study were generally lower than those observed in 20 other culture studies using various light levels and higher temperatures (Table 1) , but
21
were consistent with other studies conducted in our laboratory using similar culturing PTX2sa were 100 to 1,000 times lower than PTX2 and the concentration of the 11 isomer of PTX11 was typically 20 to 500 times lower than PTX2, thus, their 12 contribution to the total cellular toxin pool was minimal. The isomer of OA, DTX2,
13
was not detected in any of the samples.
14 Control cultures of Geminigera and Myrionecta were also analyzed for OA,
15
OA-D8, DTX1, and PTXs. No toxins were detected in these cultures, confirming that 16 the measured toxins were only produced by Dinophysis. OA, PTX2 and OA-D8 was maintained at low levels (showing no significant change) 2 through middle, and late exponential phases, but rose significantly by middle plateau 3 phase. As opposed to DTX1 and OA-D8, for which the toxin content was typically 4 higher but variable in late plateau phase (Fig 3g, Table 2 under all conditions tested ( Fig. 3b-3e ). Toxin production rates (R tox ) were greatest 19 during exponential phase, decreased by the beginning of plateau phase, and were
20
consistently lowest between middle to late plateau phase ( Fig. 3g-3j any day during the light treatments ( Fig. 2g-2j ). 
Production of DSP toxins and PTXs as a function of light and temperature
10
Light was required for toxin production at 6°C, and as such, toxin quotas 11 remained low in the dark treatment. Under higher light levels, 65 -300 µmol 12 photons·m -2 ·sec -1 , toxin production occurred, leading to higher toxin quotas; however,
13
there was no apparent difference in cell toxin content between these three higher light 14 treatments (Repeated Measures, Mixed model ANOVA, Fig. 2f -2j ). There was also 15 no significant difference in overall toxin content between the 4 and 6°C temperature 16 treatments at 100% light, ~290 µmol photons·m -2 ·sec -1 (Fig. 2b -2e ). exponential growth (Fig. 3, 4 ) and the 1:1 ratio of specific toxin production rate (µ tox ) 7 and specific growth rate (µ, Fig. 5 ). Together these data suggest that growth and cell 8 metabolism may have a role in toxin production during exponential phase. However, 9 the significant increase in toxin content in the plateau phase demonstrates an 10 uncoupling of toxin production from growth at this latter stage (Fig. 2g -j) . More 11 specifically, the relatively constant cellular toxin levels observed during exponential 12 and early-plateau phase indicate a relationship between toxin production and growth
( Fig. 3f -j) , whereas in the middle-plateau phase, toxin production continues even 14 though the cells are no longer capable of dividing, leading to higher toxin quotas ( Fig.   15 2g -j and 3g -j). This general pattern was also observed in the 4°C control (Fig. 2b - (Table 2) . Although all toxins showed the same overall pattern in production 2 (low through exponential phase followed by a significant increase by middle-plateau 3 phase), the ratio of PTX2 to OA+DTX1 generally trended downward over time. (Table 2) . From these ratios 9 it is apparent that although the cells contained 2 to 3 orders of magnitude more PTX2 10 than DTX1 or OA, the latter two varied more over the growth phase of D. acuminata.
11
Similarly, we compared the toxin quotas of OA and DTX1 over the cultures' 16 acuminata cell (Fig. 6) , however, the correlation was not as strong as the one seen 
Toxin production as a function of light and temperature
21
Light intensity had an effect on growth and toxin production with the threshold production rates of DTX1, OA and OA-D8 (Figs 3g, 3h, 3j ).
12
A 4°C control was included as part of the light experiment, and no significant exposed to the 50 and 100% light treatments had food available until day 12 (Fig. 2f) .
13
As such, the prey was likely responding to the reduced light conditions with slower 14 growth and D. acuminata was, in turn, responding to reduced prey availability with a 15 lower maximum cell density. Note, dual Y-axes in panel 4b are used to plot cellular production of OA-D8. "n.a." denotes that the data were not available. 
